ABSTRACT
INTRODUCTION
The 5 ′ nuclease assay uses the 5 ′ to 3 ′ exonuclease activity of TaqDNA polymerase to directly detect specific polymerase chain reaction (PCR)-amplified target DNA without post -amplification hybridization or gel analysis steps (2, 3) . An oligonucleotide probe, designed to anneal to target DNA sequences between the two PCR priming sites, is labeled at the 5 ′ end with a "reporter" dye, the fluorescence of which is effectively quenched in the presence of a second dye at the 3 ′ end (5, 6) . The double-labeled probe, together with appropriate specific primers, is added to each PCR. Importantly, amplification controls using control primers and a second double-labeled fluorescent control probe tagged with a different 5 ′ reporter dye can be multiplexed in the same reaction (1, 5, 8, 9) . The annealing of a probe to its complementary PCR template strand during amplification generates a double -stranded DNA substrate suitable for Taqexonuclease activity, which cleaves the hybridized probe at the 5 ′ end and releases the reporter moiety from the quenching residue. The increase in reporter fluorescence resulting from specific amplification, probe hybridization and cleavage is read directly on a fluorescence spectrometer (6) .
This highly sensitive assay is useful for the detection of any target DNA whose sequence is known and can be readily automated for use in highthroughput laboratories. However, sometimes several probes must be empirically evaluated in order to choose those that exhibit the required characteristics of efficient reporter dye quenching, accessibility to enzymatic cleavage, target specificity and lack of interference with primers or additional probes multiplexed in the reaction. Thus, the purchase of highly pure double-labeled probes for assay development may be prohibitive for the small research or clinical laboratory.
Our laboratory has achieved great success in generating and purifying appropriate fluorogenic probes for the 5 ′ nuclease approach (1, 4, 9) . Herein we describe detailed methods for probe purification such that they can be synthesized in-house or purchased in crude form. In addition, we provide detailed methodology for independently evaluating the following: ( i ) the extent of fluorescence quenching of intact probes, ( ii ) the accessibility of probes to cleavage by Taq DNA polymerase during PCR and ( iii ) the compatibility and signal strength of multiplexed probes that use different reporter dyes. Together, these experiments will enable researchers to evaluate and troubleshoot the factors affecting probe performance in 5 ′ nuclease assays. We illustrate the use of multiplexed probes for the simultaneous detection of specific and control target sequences.
MATERIALS AND METHODS

Fluorogenic Probe Synthesis and Purification
Fluorogenic probes were synthesized as previously described (1,6) with one of the following "reporter" dyes at the 5 ′ end: 6-FAM, HEX or TET, all from PE Applied Biosystems (Foster City, CA, USA). An amino-modifier C6 dT linker (L) arm nucleotide (Glen Research, Sterling, VA, USA) and a phosphate group (Phosphalink; PE Applied Biosystems) were coupled to the 3 ′ end during synthesis. Each single-labeled oligonucleotide was deprotected, ethanol-precipitated, quantitated by measuring the absorbance at 260 nm and subjected to overnight incubation with the "quencher" dye (TAMRA NHS ester; PE Applied Biosystems) in 0.25 M NaHCO 3 /Na 2 CO 3 , pH 9.0 buffer. Unreacted dye was removed by passage of the 0.2-µ mol synthesis mixture over two PD-10 Sephadex ® Columns (Pharmacia Biotech, Piscataway, NJ, USA) previously equilibrated with 0.1 M triethylammonium acetate (TEAA), pH 7.0, and elution of the labeled product with 0.1 M TEAA, pH 7.0. One to one and one-half milliters of eluate were purified by reversephase HPLC. was pooled and immediately injected onto the HPLC column. The concentration of acetonitrile was maintained at 10% for 5 min, then increased in a linear gradient to 36% acetonitrile (1.4 mL/min over 50 min) and finally to a 100% acetonitrile wash step for 20 min. Three fractions/min were collected and examined for activity with the diode detector set to 260 and 495 nm. Fractions were dried in a vacuum centrifuge (OligoPrep ® OP120; Savant Instruments, Holbrook, NY, USA) for 2.5-3 h, and the residue in each tube was visually examined to pinpoint the fractions containing labeled DNA. Appropriate fractions were ethanol-precipitated with 250 µ L 1 M NaCl and 750 µ L 95% ethanol, dried in a vacuum centrifuge and resuspended in 200 µ L sterile water. A 2.0-µ L aliquot of each fraction was diluted with 48 µ L of 2 M Tris base, and the fluorescence intensities of each dye were measured as described below.
HPLC Purification of DoubleLabeled Fluorescent Probes
Fluorescence Measurements
Forty-microliter aliquots containing fluorescent probes were transferred into hi-white 96-well microplates (Perkin-Elmer, Norwalk, CT, USA) and scanned on a fluorescence luminometer (TaqMan ™ LS-50B PCR Detection System; PE Applied Biosystems). The fluorescence intensity at the appropriate emission wavelength for each dye (518 nm = FAM; 538 nm = TET, 556 nm = HEX and 582 nm = TAMRA) was measured (excitation = 488 nm). At each wavelength, the fluorescence intensity of a buffer blank was subtracted from the intensities measured for each sample and control. Ratios of reporter to quencher dye fluorescence were calculated for each probe in the reaction as previously described [Reference 6; e.g., FAM/TAMRA (RQ FAM ) equals the fluorescence intensity at 518 divided by that at 582]. Fractions exhibiting low (<1.0) RQs were combined and normalized for TAMRA fluorescence by dilution with sterile water, such that a 2.0-µ L aliquot diluted to 50 µ L in 2.0 M Tris, pH 8.0, yielded a TAMRA emission signal of approximately 50 intensity units (excitation at 488 nm, slit width = 5) and an emission (582 nm, slit width = 9) or approximately 0.5-1.0 pmol DNA/ µ L (as determined by absorption at 260 nm).
ATP-Dependent Nuclease Assay
Probes were incubated for 4 h at 37°C in the presence or absence of 13 U of ATP-dependent DNase (Exonuclease V; USB/Amersham, Cleveland, OH, USA) and evaluated for fluorescence as previously described (1, 5) .
Hairpin Assay
A "hairpin" oligonucleotide primer was designed and synthesized for each probe, such that the 22 nucleotides at the 3 ′ end of the primer spontaneously form a perfect hairpin, the following two bases serve as a spacer and the remaining sequence is complementary to the target probe. Formation of the hairpin and annealing with the probe in the presence of TaqDNA polymerase initiates probe cleavage (Figure 3 ). Candidate pairs of FAM-and TET-labeled probes were evaluated for multiplexing in PCR in the following: ( i ) absence of primers, ( ii ) presence of the FAMprobe primer, ( iii ) presence of the TETprobe primer and ( iv ) presence of both primers. Probe-primer mixtures consisted of a 50-µ L reaction volume containing 1 × PCR buffer (50 mM KCl/2.0 mM MgCL 2 /10 mM Tris-HCl, pH 8. hairpin primer, 100 nM each fluorescent probe and 1.25 U/reaction Taq DNAPolymerase (AmpliTaq ® ; PerkinElmer). The mixtures were subjected to a "mock" PCR under the same cycling parameters used for target sequence detection and analyzed for fluorescence as described above.
RESULTS AND DISCUSSION
The most critical element of the 5 ′ nuclease assay is the design, synthesis and purification of appropriate doublelabeled fluorogenic probes. Such probes must exhibit target specificity, compatibility with the PCR conditions dictated by the primers (i.e., MgCl 2 concentrations and annealing temperatures used), a lack of dimerization with primers in the same reaction, efficient fluorescence quenching in the uncleaved state and accessibility of the 5 ′ end to cleavage by Taq DNA polymerase. As with any molecular probe, target specificity and compatibility with primers and PCR conditions must be evaluated empirically. We have found, for example, that disrupting a series of G's by the substitution of an inosine can significantly improve the performance of the probe in 5 ′ nuclease assays (data not shown). Potential secondary structure or dimerization problems can be predicted to some extent with oligonucleotide design software. Predicting the factors that affect fluorescence quenching are less straightforward; although, nucleotide sequence effects (7), the relative positions of the two dyes (6) and probe purity all likely contribute.
Experimentally, one can maximize fluorescence quenching by minimizing the amount of single-labeled oligonucleotide in the probe preparation. Therefore, our initial experiments were aimed at ( i ) increasing the efficiency of TAMRA dye conjugation and ( ii ) determining the best conditions for isolation of double-labeled species from their single-labeled counterparts. We have found that neither increasing the length of incubation time for TAMRA conjugation nor "spiking" the labeling reaction with an additional aliquot of TAMRA ester after several hours of incubation (as recommended by the supplier) increased the level of TAMRA conjugation (data not shown).
HPLC purification, at present, remains the most effective means of maximizing fluorescence quenching through the selection of fractions containing oligonucleotides tagged with both dyes. A typical HPLC chromatograph of an unpurified double-labeled probe is shown in Figure 1A Figure 1B . TAMRA addition quenches FAM fluorescence, such that the single-labeled peak ( Figure 1A , Peak II) appears more highly fluorescent with respect to FAM than the double-labeled peak ( Figure 1A , Peak I). The purity of the pooled fractions comprising Peak I was assessed by analytical HPLC ( Figure 1C) .
The extent of quenching of reporter fluorescence and the maximal increased fluorescence achievable under conditions of probe cleavage were evaluated in ATP-dependent nuclease assays (1, 5) . The fluorescence associated with a representative panel of uncleaved and cleaved probes is shown in Table 1 ; the quenching efficiencies in this group of uncleaved probes varied from 26% to almost 95%, with the lowest values associated with probes using HEX as the reporter dye. Inefficient probe quenching resulted in poor probe performance in 5 ′ nuclease assays (data not shown). Probes subjected to nuclease cleavage were also evaluated by HPLC, and the fractions were examined for fluorescence (Figure 2) . The intact probe demonstrated little FAM or TAMRA fluorescence, while the nuclease-digested probe eluted much earlier and was highly fluorescent at the FAM emission wavelength. TAMRA fluorescence was unchanged in intact vs. cleaved probes. These results indicated that ( i ) no full-length product remained after nuclease digestion and ( ii ) separation of the FAM and TAMRA dyes results, as expected, in a large increase in reporter dye, but not quencher dye fluorescence (7) .
The ATP-dependent nuclease assay is useful for monitoring probe quenching, but cannot predict the extent of probe cleavage and fluorescence intensity attainable during PCR, in which the probe is present in great excess and only a fraction of probe molecules are cleaved. Hairpin assays were developed as an independent means to evaluate probe cleavage by Taq DNA polymerase in the absence of target sequence-specific primers or DNA. This assay mimics the maximal fluorescence attainable under conditions of PCR, since any potential interference contributed by the DNA preparation or primers is eliminated by omission of these elements (Figure 3) . The assay is also useful for evaluating the interaction, performance and "signal strength" of a pair of FAM-labeled and HEX-or TET-labeled probes before their use in a multiplex 5 ′ nuclease assay ( Figure  4 ). Graphic representation of the fluorescence associated with the uncleaved and cleaved probe mixtures forms a parallelogram where the slope of the sides reflect the spectral overlap of the two reporter dyes. Thus a signal generated by an increase in FAM fluorescence, detected primarily at 518 nm, is also emitted to a lesser degree at 538 nm. This overlap is not problematic in multiplexed assays using a TET-labeled probe as an amplification internal control whose associated fluorescence requires detection only in the absence of a strong FAM signal. Hairpin assays enable the concentration of each probe to be modified to achieve a balance of reporter dye fluorescence for both probes.
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Vol. 22, No. 6 (1997) Figure 5 . Fluorescence data from the 5 ′ ′ nuclease PCR assay used to type patient samples for alleles at the HLA-DRB1 locus. The assay was tested and validated using 22 sequence-specific pairs of primers for the most common DRB alleles (10) . Each PCR mixture contained two DRB-specific primers [e.g., primers 5.07 and 3.079 (10) Once purified, double-labeled fluorescent probes are stable with appropriate storage (-20°C) and can be used with high reproducibility in 5 ′ nuclease assays. An example of the fluorescence data from multiple assays performed at different times, generated by probes used to type patient samples for a subset of HLA-DRB1 alleles, is shown in Figure 5 . Specific amplifications of the target allele are represented by an increase in FAM fluorescence ( ∆ RQ-FAM ), while increased ∆ RQ TET reflects amplification and probe recognition of internal control target sequences.
Using the described purification and "quality-control" measures, our laboratory has now generated, purified and evaluated over 90 double-labeled fluorescent probes that have been successfully used to detect HLA-DRB (this report), HLA-DQB1 (1), HLA-A (9), HLA-B (unpublished), human parvovirus B19 (4), trichomonas (unpublished) and cytomegalovirus (unpublished) nucleic acid sequences. The majority of these probes have used 6-FAM as the 5 ′ reporter dye, but HEX and TET reporter moieties have also been used. Some probes have proven inadequate for the assay due to primer interference, lack of appropriate target specificity or inadequate signal-tonoise ratios (e.g., the HEX-labeled probes). However, most (approximately 80%) of these fluorogenic probes appear to be highly pure reagents that are exquisitely sensitive in the 5 ′ nuclease assay. Approximately 50 000-100 000 pmol of purified probe can be generated from a 0.2-µ mol synthesis scale, yielding enough reagent for approximately 200 00-40 000 PCRs at a cost of approximately 0.8 to 1.8 cents per PCR per probe. The availability of an increasing number of fluorescent dyes in phosphoramidite form will make future probe synthesis and purification even more simple. Furthermore, multiplex reactions using a number of probes in the same reaction tube should be possible with the advent of new dyes. Such a strategy would greatly reduce the number of reactions performed to assign, for example, alleles at multiple HLA loci, or to detect nucleic acids derived from several different microorganisms simultaneously. Finally, a new instrument (PRISM™ 7700 Sequence Detection System; PE Applied Biosystems) that combines a thermal cycler with "real-time" detection of the fluorescence signal generated by probe cleavage promises to further reduce the time required for completion of a 5 ′ nuclease assay.
